Mucin-type O-glycosylation is an evolutionarily conserved and essential post-translational protein modification that is initiated in the Golgi apparatus by a family of enzymes known as the UDPGalNAc:polypeptide N-acetylgalactosaminyltransferases (GalNAc-Ts). GalNAc-Ts are type II membrane proteins which contain short N-terminal tails located in the cytoplasm, a transmembrane domain that crosses the Golgi membrane, to which is connected a stem region that tethers the C-terminal catalytic and lectin domains that reside in the Golgi lumen. Although mucin-type O-glycans have been shown to play critical roles in numerous biological processes, little is known about how the GalNAc-Ts are targeted to their site of action within the Golgi complex. Here, we investigate the essential protein domains required for Golgi localization of four representative members of the GalNAc-T family of enzymes. We find that GalNAc-T1 and -T2 require their cytoplasmic tail and transmembrane domains for proper Golgi localization, while GalNAc-T10 requires its transmembrane and luminal stem domains. GalNAc-T7 can use either its cytoplasmic tail or its luminal stem, in combination with its transmembrane domain, to localize to the Golgi. We determined that a single glutamic acid in the GalNAc-T10 cytoplasmic tail inhibits its ability to localize to the Golgi via a cytoplasmic tail-dependent mechanism. We therefore demonstrate that despite their similarity, different members of this enzyme family are directed to the Golgi by more than one set of targeting signals.
Introduction
Mucin-type O-glycosylation is a conserved post-translational protein modification in which N-acetylgalactosamine (GalNAc) is transferred to the hydroxyl group of serine or threonine residues to yield a carbohydrate sidechain, termed a mucin-type O-glycan. This reaction is catalyzed by the UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferase (GalNAc-T) family of enzymes (GalNAc-T, EC 2.4.1.41) (Bennett et al. 2012) . Following the initial GalNAc addition in the Golgi apparatus (Rottger et al. 1998; Herbomel et al. 2017) , subsequent elaboration of the sugar chain occurs as a substrate traverses the secretory apparatus. This post-translational modification is typically found on secreted and membrane-bound proteins and has been shown to be required for innate immunity (Tabak 1995) , extracellular matrix formation and signaling (Tian et al. 2012 ) and other critical developmental processes (Tian and Ten Hagen 2009; Tabak 2010; Tran and Ten Hagen 2013; Tian et al. 2015) . While other glycosyltransferases are typically found as a small number of isoforms, e.g., two for ST6Gal (Takashima et al. 2002) and four for β4GalNAc-T (Gotoh et al. 2004 ), the GalNAc-T family of enzymes is composed of 20 unique family members in humans (Raman et al. 2012) . Though the temporal and spatial expression patterns of the 20 family members vary (Bennett et al. 2012) , each family member fundamentally initiates the same catalytic function. However, these isoforms display unique in vitro substrate specificities and can be broadly characterized into isoforms that prefer to decorate unmodified substrates ("naked peptides") and those that prefer to act on substrates which already contain an O-linked GalNAc sugar ("glycopeptides") (Ten Hagen et al. 1999; Gerken et al. 2011) . Considerable work using ordered and random peptide and glycopeptide libraries as substrates has revealed subtle differences in peptide and glycopeptide sequence preferences among the GalNAc-Ts (Raman et al. 2008; Gerken et al. 2013; Revoredo et al. 2016 ). The inherent substrate preferences of each enzyme, taken together with its spatial and temporal expression patterns, may be sufficient to explain the in vivo activity of a GalNAc-T. However, localization to and within the Golgi apparatus could also influence GalNAc-T function.
Conceptual translation of GalNAc-Ts indicates that they are type II transmembrane proteins composed of a short N-terminal cytoplasmic tail, a single transmembrane domain, a luminal stem region, a conserved catalytic domain, and, with the exception of one isoform, a C-terminal lectin domain. To date, all isoforms examined have been localized to the Golgi apparatus. As with other Golgi glycosyltransferases, the cytoplasmic tail, transmembrane and stem regions (termed CTS) of GalNAc-Ts are believed to contribute to their Golgi localization (Tu and Banfield 2010) . However, the exact mechanisms of GalNAc-T Golgi localization have not been investigated. Unlike the well-characterized mechanisms of endoplasmic reticulum protein localization, the signals directing Golgi protein localization remain ambiguous and contentious (Colley 1997; Banfield 2011) . Among other glycosyltransferases, a variety of Golgi localization mechanisms have been identified, including taildependent (Uliana et al. 2006; Petrosyan et al. 2015; Uemura et al. 2015) , transmembrane-dependent (Aoki et al. 1992; Munro 1995) and oligomer-dependent (Nilsson et al. 1993 (Nilsson et al. , 1994 (Nilsson et al. , 1996 localization. Furthermore, glycosyltransferases may employ different Golgi localization strategies in different cell types (Tang et al. 1995) .
In the present study, we define the signals that target Golgi localization of four representative GalNAc-Ts: the peptide-preferring GalNAc-T1 and -T2 and the glycopeptide-preferring GalNAc-T7 and -T10. By expressing minimal domains of each enzyme in human foreskin fibroblast (HFF-1) cells, we have identified two discrete Golgi localization mechanisms. GalNAc-T1 and -T2 localize to the Golgi using a combination of its cytoplasmic tail and transmembrane domain, while GalNAc-T10 localizes using its transmembrane domain and luminal stem. Uniquely, GalNAc-T7 can use either its cytoplasmic tail or its luminal stem, in combination with its transmembrane domain, to localize to the Golgi. Furthermore, a single glutamic acid in the GalNAc-T10 cytoplasmic tail inhibits its ability to localize to the Golgi via a cytoplasmic tail-dependent mechanism.
Despite their similarity, we show that members of this enzyme family use multiple Golgi localization signals in one cell type.
Results
The cytoplasmic tail, transmembrane, or stem domains of GalNAc-T1, -T2, -T7, and -T10 are not sufficient for Golgi localization To determine the mechanisms by which GalNAc-Ts are localized to the Golgi, we sought to determine the minimal GalNAc-T sequences that supported Golgi localization of reporter constructs (Figure 1) . To this end, we generated deletion constructs of each GalNAc-T that represented three distinct protein domains: the cytoplasmic tail, transmembrane region and luminal stem region. Green fluorescent protein (GFP)-tagged versions of each isolated protein domain as well as full-length versions of each enzyme were transiently expressed in HFF-1 cells and subsequently stained with antibodies to the Golgi marker giantin. Confocal imaging of cells expressing full-length, GFP-tagged transferases demonstrated that GalNAc-T1, -T2, -T7 and -T10 co-localized with giantin ( Figure 2A ) and confirmed that these tagged versions of each enzyme were appropriately localized to the Golgi, like their endogenous counterparts (Rottger et al. 1998; Herbomel et al. 2017) . To quantify the degree to which each GFPtagged construct localized with giantin, we determined the Mander's colocalization coefficient (MCC) for the GFP-tagged proteins compared to the giantin staining. Full-length GFP-tagged proteins yielded mean MCC between 0.75 ± 0.03 and 0.86 ± 0.02 ( Figure 2E ). However, the cytoplasmic tail ( Figure 2B ), transmembrane region ( Figure 2C ) or luminal stem region ( Figure 2D ) of each respective GalNAc-T did not localize with giantin. Instead, GFP signal corresponding to each of these constructs was observed throughout each cell. MCC values for these constructs were between 0.06 ± 0.01 and 0.17 ± 0.03 ( Figure 2E ). These results suggest that the isolated cytoplasmic tail, transmembrane region and the luminal stem region are not sufficient for GalNAc-T Golgi localization.
The combined cytoplasmic tail and transmembrane domains of GalNAc-T1, -T2 and -T7 and the combined transmembrane domain and luminal stem region of GalNAc-T7 and -T10 are necessary and sufficient for Golgi localization
Because the individual N-terminal regions of each GalNAc-T were insufficient for Golgi localization, we next determined if a combination of these individual regions would allow for Golgi localization. We transfected HFF-1 cells with GFP-tagged constructs representing the combined cytoplasmic tail and transmembrane domain or transmembrane domain and luminal stem of GalNAc -T1, -T2, -T7 or -T10 and subsequently immunostained these cells for giantin. Confocal imaging showed that the respective cytoplasmic tail and transmembrane regions of -T1, -T2 and -T7 co-localized with giantin, whereas the comparable regions of GalNAc-T10 were instead visualized throughout the cell ( Figure 3A ). MCC calculations confirmed these results with mean values of 0.82 ± 0.02, 0.77 ± 0.02 and 0.85 ± 0.02 for the respective GalNAc-T1, -T2 and -T7 constructs and an MCC of 0.09 ± 0.01 for the GalNAc-T10 construct ( Figure 3B ). Conversely, the GalNAc-T7 and -T10 combined transmembrane domain and luminal stem region Full-length GalNAc-Ts co-localize with a Golgi marker while cytoplasmic tail, transmembrane and stem domains alone do not. HFF-1 cells were transfected with plasmids encoding GFP-tagged (green) full-length (A), cytoplasmic tail alone (B), transmembrane alone (C) or stem alone (D) constructs for GalNAc-T1, -T2, -T7 and -T10 and were subsequently immunostained with antibodies to the Golgi marker giantin (red). The merged channels view shows that full-length GalNAc-Ts co-localize with the Golgi marker (A), while the tail (B), transmembrane (C) and stem (D) domains do not. Scale bars, 10 μm. (E) MCCs representing the degree of co-localization of GFP-tagged proteins and the Golgi marker were calculated. Values represent mean ± SEM of 31, 35, 35, 37 cells in (A); 35, 31, 34, 33 cells in (B); 31, 31, 31, 38 cells in (C) and 34, 38, 34, 34 cells in (D) for -T1, -T2, -T7 and -T10, respectively, from at least two independent transfections. MCC, Mander's co-localization coefficient.
co-localized with giantin ( Figure 3C ), yielding MCCs of 0.83 ± 0.02 and 0.72 ± 0.02, respectively ( Figure 3D ). The transmembrane domain and luminal stem region of GalNAc-T1 and -T2 were found throughout the cell ( Figure 3C ) with mean MCC values of 0.16 ± 0.02 and 0.18 ± 0.01, respectively ( Figure 3D ). These data suggest that GalNAc-T10 utilizes a Golgi localization strategy that is distinct from that of GalNAc-T1 and -T2, while -T7 can use either its cytoplasmic tail or luminal stem, in combination with its transmembrane domain, for Golgi targeting.
A single amino acid in the GalNAc-T cytoplasmic tail inhibits Golgi targeting Our data suggest that unique functional differences exist in the cytoplasmic tail of GalNAc-T10, as compared to GalNAc-T1, -T2 and -T7. Sequence analysis of the cytoplasmic tails from all 20 human GalNAc-T isoforms revealed that, although overall sequence homology was lacking, each tail contains at least one basic residue (Supplementary data, Table 1 ). Interestingly, only GalNAc-T10 and -T12 contain acidic residues in their respective cytoplasmic tails, with GalNAc-T10 containing a single glutamic acid in its tail sequence at position 5. Because basic residues found in the cytoplasmic tails of Golgi-targeted proteins often dictate their subcellular localization (Uliana et al. 2006; Tu et al. 2008; Banfield 2011; Hu et al. 2011) , we sought to determine if an acidic residue located in the cytoplasmic tail could interfere with Golgi localization. To this end, we used site-directed mutagenesis to convert an alanine to glutamic acid at amino acid position 5 of GalNAc-T1's cytoplasmic tail ( Figure 4A ). This amino acid substitution was made in the context of the combined cytoplasmic tail and transmembrane domain (amino acids 1-29) construct. Upon transient expression of this construct in HFF-1 cells, we observed a diminution of co-localization with giantin ( Figure 4B ). This loss in co-localization induced by a single alanine to glutamic acid substitution corresponded to a Fig. 3 . The cytoplasmic tail and transmembrane domains of -T1, -T2 and -T7 co-localize with a Golgi marker, while the transmembrane and stem domains of -T7 and -T10 co-localize with a Golgi marker. HFF-1 cells were transfected with plasmids encoding GFP-tagged (green) tail and transmembrane domains together (A) or transmembrane and stem domains together (C) for GalNAc-T1, -T2, -T7 and -T10 and subsequently immunostained with antibodies to the Golgi marker giantin (red). The merged channels view shows that the tail and transmembrane together of GalNAc-T1, -T2 and -T7, but not -T10, co-localize with the Golgi marker (A). The merged channels view in (C) show that the transmembrane and stem domains together of -T7 and -T10 co-localize with the Golgi marker. reduction in mean MCC to 0.07 ± 0.01 ( Figure 4C ) and demonstrated the inhibitory nature of having an acidic residue in the cytoplasmic tail of this Golgi enzyme.
Because the presence of an acidic residue prevented tail-mediated Golgi localization in the context of GalNAc-T1, we next sought to confer tail-mediated Golgi localization on the combined cytoplasmic tail and transmembrane of GalNAc-T10 (amino acids 1-30) by removing the glutamic acid from its cytoplasmic tail. Site-directed mutagenesis was used to change the glutamic acid to an alanine or a lysine at position 5 of the GalNAc-T10 cytoplasmic tail ( Figure 4A ). Upon expression in HFF-1 cells, both the E5A-and E5K-mutated cytoplasmic tails and transmembrane domains were found to localize with giantin ( Figure 4D ). The degree of co-localization was quantified and found to corresponded with increases in MCC values to 0.50 ± 0.05 and 0.68 ± 0.03 for the E5A and E5K substitutions, respectively ( Figure 4E ). Taken together, our data demonstrate that the presence of a negatively charged residue in the tail of GalNAc-Ts disrupts tail-directed Golgi localization.
Discussion
Here, we show that the GalNAc-T family of glycosyltransferases uses at least two distinct Golgi localization mechanisms. While Golgi localization of GalNAc-T1, and -T2 is directed by the combination of their cytoplasmic tail and transmembrane domain, GalNAc-T10 requires a transmembrane domain and its luminal stem region. In contrast, GalNAc-T7 can use either mode of Golgi localization. By characterizing the minimum amino acid sequences necessary for Golgi localization, we determined that no single isolated protein domain was sufficient for Golgi localization (Figure 2) . The isolated transmembrane domain, which carries the Golgi retention signal for other glycosyltransferases (Tang et al. 1992; Yamaguchi and Fig. 4 . A single glutamic acid in the cytoplasmic tail of GalNAc-T1 or -T10 disrupts Golgi localization. Site-directed mutagenesis was performed to substitute the fifth amino acid in the GalNAc-T1 sequence from an alanine to a glutamic acid, while mutagenesis was performed to substitute the fifth amino acid in the GalNAc-T10 sequence from a glutamic acid to either an alanine or a lysine, with tail sequences seen in (A). HFF-1 cells were transfected with plasmids encoding GFP-tagged (green) mutated cytoplasmic tail and transmembrane domains (amino acids 1-29) of GalNac-T1 (B). HFF-1 cells were also transfected with plasmids encoding GFP-tagged mutated cytoplasmic tail and transmembrane domains of GalNAc-T10 (amino acids 1-30) (D). Cells were subsequently immunostained with antibodies to the Golgi marker giantin (red). The merged channel view shows that the A5E mutation disrupts GalNAc-T1 localization (B) while both the E5A and E5K mutations in the GalNAc-T10 allows its cytoplasmic tail and transmembrane to co-localize with the Golgi marker (D). Scale bars, 10 μm. (C and E) MCCs representing the degree of co-localization of GFP-tagged proteins and the Golgi marker were calculated. Values represent mean ± SEM of 32 -T1 A5E 1-29 cells (C); 38 -T10 E5A 1-30 cells and 39 -T10 E5K 1-30 cells (E) from at least two transfections. ****, P < 0.0001; Welch's t-test. MCC, Mander's co-localization coefficient.
Fukuda 1995), is not sufficient for the Golgi localization of GalNAc-T1, -T2, -T7 or -T10 ( Figure 2C ). While some GFP signal was observed coincident with the Golgi marker via confocal microscopy, the majority of the GFP-tagged transmembrane region is seen throughout the cell. It is unclear at this time if the transmembrane domain is initially targeting the Golgi but fails to be retained in the Golgi, resulting in its accumulation in the cytoplasm, or if the signal coincident with the Golgi is simply a result of the hydrophobic nature of the transmembrane domain.
We also determined the cellular distribution of these enzymes when directed by their isolated cytoplasmic tail or luminal stems ( Figure 2B and D) . We found that neither the cytoplasmic tails nor the luminal stem regions of GalNAc-T1, -T2, -T7 and -T10 target these enzymes to the Golgi, likely due to a requirement of a hydrophobic membrane anchoring region. Indeed, the combination of the cytoplasmic tails and transmembrane regions of GalNAc-T1, -T2 and -T7 and the combined transmembrane and luminal stem region of GalNAc-T7 and -T10 resulted in Golgi localization (Figure 3) . These requirements are in stark contrast to other Golgi-localized proteins, such as giantin and golgin-84, which are capable of retaining their Golgi localization in the absence of their membrane tethering sequences (Misumi et al. 2001) .
The importance of the GalNAc-T cytoplasmic tail to its Golgi localization is consistent with the mechanism used by other Golgi proteins and enzymes for their proper subcellular localization (Uliana et al. 2006; Tu et al. 2008; Hu et al. 2011; Petrosyan et al. 2015; Uemura et al. 2015) . Unfortunately, the sequence diversity found within these cytoplasmic tails makes identifying a predictive Golgi targeting sequence difficult. However, a few possible mechanisms involving the cytoplasmic tail do exist. In yeast, Vps74p, also known as GOLPH3, binds to an F/L-L/I/V-X-X-R/K sequence in the cytoplasmic tail of glycosyltransferases and facilitate their Golgi localization (Tu et al. 2008) . Although this conserved binding sequence is not found in the tails of human glycosyltransferases, human GOLPH3 has been shown to mediate the Golgi localization of POMGnT1 through interaction with its cytoplasmic tail suggesting that the interaction is possible in the absence of the yeast consensus sequence (Pereira et al. 2014 ). An alternative mechanism of Golgi targeting could be through basic or arginine-based motifs found in cytoplasmic tails (Uliana et al. 2006; Banfield 2011; Hu et al. 2011) . Indeed, our results demonstrating that the presence of a single glutamic acid in the cytoplasmic tail of GalNAc-T1 or -T10 prevents cytoplasmic taildirected Golgi localization (Figure 4) is consistent with either of these possibilities. Future studies directly addressing GOLPH3 interaction with GalNAc-Ts or the relevance of basic or arginine-based motifs in GalNAc-T cytoplasic tails, as they relate to Golgi localization, will help clarify this mode of targeting.
In addition to their cytoplasmic tails, GalNAc-Ts also utilize their luminal stem for Golgi targeting. This mode of Golgi targeting is also seen with other Golgi-localized enzymes and is believed to be a result of aggregation or oligomerization mediated by the luminal stem (Nilsson et al. 1993 (Nilsson et al. , 1996 Becker et al. 2000) . Although oligomerization of GalNAc-Ts has yet to be explored in depth, it is feasible that either homo-oligomers or hetero-oligomers could facilitate both localization and retention of these enzymes in the Golgi.
With the large size of the enzyme family, unique substrate preferences and distinct isoform expression found across various tissues, it is not surprising that members of the GalNAc-Ts enzyme family utilize differing localization mechanisms. In vitro substrate preference determination (Ten Hagen et al. 1999; Raman et al. 2008; Gerken et al. 2011 Gerken et al. , 2013 Revoredo et al. 2016 ) and phylogenetic analysis of their catalytic and lectin domains have allowed classification of the family into two groups (Bennett et al. 2012) , based predominantly on their preferences for peptide or glycopeptide substrates. Our localization results are consistent with these classifications with representative peptide-preferring enzymes (GalNAc-T1 and -T2) utilizing a tailmediated Golgi localization strategy and glycopeptide-preferring enzymes (GalNAc-T7 and -T10) utilizing a stem-mediated localization strategy. The ability of GalNAc-T7 to utilize both modes of localization, however, may offer unique insight into the function of the GalNAc-Ts as a whole. Although GalNAc-T7 more closely resembles GalNAc-T10 in both substrate preference and phylogeny, GalNAc-T7 is more closely related to either GalNAc-T2 or -T1 than GalNAc-T10 is to these polypeptide-preferring enzymes (Bennett et al. 2012; Famiglietti et al. 2017 ). Thus, it is possible that GalNAc-T7 represents an evolutionary intermediate between the two groups of GalNAc-Ts, maintaining both modes of Golgi localization. Additionally, it is also possible that the varying tissue specificities of GalNAc-T7 may dictate modes of localization depending on what factors may be required and are expressed in each tissue or organ (Young et al. 2003; Bennett et al. 2012) .
Although a good amount of information is available regarding the specificity of this enzyme family in vitro, it remains unclear if substrate recognition alone is responsible for the deliberate and ordered addition of GalNAc residues. Our studies shed light on two mechanisms for Golgi localization used by the GalNAc-T family of glycosyltransferases and supports the hypothesis that polypeptideand glycopeptide-preferring GalNAc-Ts may utilize differing mechanisms of Golgi localization. One may infer from this conclusion that each group of GalNAc-Ts may also localize to distinct compartments within the Golgi, aiding in the ordered addition of sugar residues as substrates transit the secretory apparatus. Future experiments combining superresolution and ultrastructural imaging to identify the sub-Golgi localization of endogenous GalNAc-Ts and the signals that direct the enzymes to their site of action will be extremely helpful in elucidating the mechanisms by which this important family of enzymes function in vivo.
Materials and methods

Plasmid generation
The GFP-tagged constructs used in this manuscript were generated using a modified version of the pEGFP-N1 plasmid (Clontech, Mountain View, CA). The EGFP open-reading frame was amplified from pEGFP-N1 with an N-terminal XhoI and a C-terminal NotI site and cloned back into the pEGFP-N1 vector cut with the same sites. All GalNAc-T constructs were then amplified with N-terminal NheI and C-terminal XhoI sites and subsequently cloned into the newly generated pEGFP-N1 vector. This cloning strategy resulted in a two-residue linker (leucine and glutamic acid) between the residues belonging to the GalNAc-T coding region and EGFP for all constructs that were generated. Amino acid substitutions were generated using overlap extention PCR. All plasmid sequences were verified with DNA sequencing. Primer sequences used for PCR can be found in Supplementary data, Table 2 .
Cell culture
HFF-1 cells were purchased from ATCC (American Type Culture Collection (ATCC), Manassas, VA), and maintained in Dulbecco's modified eagle medium (DMEM) (ThermoFisher Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (FBS) (ThermoFisher Scientific, Waltham, MA) at 37°C in a 5% CO 2 incubator.
Transfection
HFF-1 cells were electroporated using the 4D-Nucleofector™ X Unit (Lonza, Walkersville, MD). Cells were dissociated with 0.25% trypsin-ethylenediaminetetraacetic acid (ThermoFisher Scientific, Waltham, MA), pelleted and resuspended in either 20 μL or 100 μL supplemented P2 Nucleofector™ solution (Lonza, Walkersville, MD). Resuspended cells were put in either one well of a 16-well Nucleocuvette™ strip (Lonza, Walkersville, MD) or in a 100-μL Nucleocuvette™ (Lonza, Walkersville, MD), 2-4 μg of plasmid DNA was added to the resuspended cells, and cells were transfected using the NHDF cell-type program. Once transfected, cells were placed on glass cover slips or in a 10-cm dish with DMEM supplemented with 10% FBS and allowed to recover overnight. Nucleofected cells were subsequently used for immunofluorescence experiments.
Immunofluorescence
Cells seeded on glass cover slips were washed with phosphatebuffered saline (PBS) and fixed with 4% paraformaldehyde in PBS for 30 min at room temperature. Cells were subsequently washed with PBS, blocked in 2% bovine serum albumin (BSA) containing 0.1% Triton X-100 in PBS for 30 min and then incubated with rabbit anti-giantin (1:2000; Abcam, Cambridge, MA) primary antibodies diluted in 2% BSA/0.1% Triton X-100 in PBS for 1 h at room temperature. Following primary antibody incubation cells were washed with PBS containing 0.1% Triton X-100 and incubated with Alexa Fluor ® 555 goat anti-rabbit (1:500; ThermoFisher Scientific, Waltham, MA), secondary antibody diluted in 2% BSA/ 0.1% Triton X-100 in PBS for 30 min at room temperature. Finally, cells were washed and then mounted with ProLong Gold (ThermoFisher Scientific, Waltham, MA) antifade reagent and allowed to cure at room temperature overnight.
Microscopy and image quantification analyses
Cells were imaged on a Nikon A1R+ confocal microscope (Nikon Instruments Inc., Melville, NY) with a Plan Apochromat Lambda 60x/1.4 numerical aperture oil immersion objective. The entire volume of each cell was acquired using the NIS-Element imaging software (Nikon Instrument Inc., Melville, NY). A representative confocal section from the acquired volume is shown in each figure.
The co-localization of GFP-labeled GalNAc-Ts and a Golgi marker (giantin) was measured using Imaris (Bitplane, Oxford Instruments, Concord, MA). A region of interest mask was created with the GFP-labeled GalNAc-T channel (channel A) and an automatic threshold was applied to channels A and B (Golgi marker). The thresholded Mander's coefficient A, representing the proportion of signal in channel A that overlaps with signal in channel B, was used to determine the degree of GalNAc-T and Golgi co-localization.
Supplementary data
Supplementary data are available at Glycobiology online.
